Abstract-In-plane linear displacements of microelectromechanical systems are measured with subnanometer accuracy by observing the periodic micropatterns with a charge-coupled device camera attached to an optical microscope. The translation of the microstructure is retrieved from the video by phase-shift computation using discrete Fourier transform analysis. This approach is validated through measurements on silicon devices featuring steep-sided periodic microstructures. The results are consistent with the electrical readout of a bulk micromachined capacitive sensor, demonstrating the suitability of this technique for both calibration and sensing. Using a vibration isolation table, a standard deviation of σ = 0.13 nm could be achieved, enabling a measurement resolution of 0.5 nm (4σ) and a subpixel resolution better than 1/100 pixel. Microelectromechanical systems (MEMS) comprise integrated devices made by batch-fabrication techniques, like those adopted from silicon-based integrated circuit technology. MEMS sensors and actuators have typical feature sizes ranging from a few tens of nanometers to several hundreds of micrometers. Mechanical transducers fabricated using silicon micromachining technology have to be characterized or even calibrated and possibly trimmed electronically before being used in an instrument. To mention only a few examples, the spring constant of an atomic force microscopy (AFM) cantilever, the voltage-displacement quadratic response of a comb-drive electrostatic actuator, or the sensitivity of a differential capacitive sensor are all parameters that are highly dependent on the microfabrication. Hence, at micro-and nanometer scales, precise and accurate dimensions can be difficult to guarantee because of process limitations. However, there are geometric parameters that are process independent, like the pitch of a periodic micropattern that is determined solely by the design. Thus, the periodicity can be used advantageously for precise and accurate position measurements.
Microelectromechanical systems (MEMS) comprise integrated devices made by batch-fabrication techniques, like those adopted from silicon-based integrated circuit technology. MEMS sensors and actuators have typical feature sizes ranging from a few tens of nanometers to several hundreds of micrometers. Mechanical transducers fabricated using silicon micromachining technology have to be characterized or even calibrated and possibly trimmed electronically before being used in an instrument. To mention only a few examples, the spring constant of an atomic force microscopy (AFM) cantilever, the voltage-displacement quadratic response of a comb-drive electrostatic actuator, or the sensitivity of a differential capacitive sensor are all parameters that are highly dependent on the microfabrication. Hence, at micro-and nanometer scales, precise and accurate dimensions can be difficult to guarantee because of process limitations. However, there are geometric parameters that are process independent, like the pitch of a periodic micropattern that is determined solely by the design. Thus, the periodicity can be used advantageously for precise and accurate position measurements.
Optical measurements are noninvasive in nature and constitute an alternative or a complement to solid-state sensors, which can be challenging to miniaturize and integrate. However, most optical techniques proposed for the characterization of static displacements, motion, and vibrations were developed to quantify the out-of-plane motion of MEMS structures, often relying on complex interferometric techniques [1] . In contrast, only very few approaches were demonstrated for high-resolution in-plane displacement measurements. With continuous illumination, the displacement of the moving part of a [2] . When stroboscopic illumination and advanced image processing techniques were used, a detection limit of a few nanometers could be reached [3] , [4] . Lateral scanning confocal microscopy has been used to characterize the voltage-displacement response of a comb-drive actuator with a nanometer resolution [5] . Using a phase correlation algorithm, a displacement of 10-μm-scaled periodic micropatterned features with a high optical contrast could be detected with an accuracy of a few nanometers [6] , [7] . We introduce here an extremely simple and robust method for measuring the in-plane linear displacement of MEMS microstructures with a subnanometer resolution. It is applicable to any transducer that shows a translational displacement and features periodic microstructures. Apart from the MEMS device, the setup consists of a charge-coupled device (CCD) camera attached to a bright field optical microscope and a computer for the analysis of the video sequences using MATLABbased dedicated software [8] . Optionally, a vibration isolation table can be used to reduce the mechanical noise and significantly enhance the resolution for subnanometer sensing. The working principle of our method is summarized in Fig. 1 
(a).
Periodic patterns must be realized to be a part of the moving structure (period T sens ). In order to improve the accuracy, it is advisable to include the periodic patterns on a reference structure (period T ref ). The only criterion for the choice of T sens and T ref is to preclude aliasing, which is guaranteed with spatial frequencies lower than the Nyquist frequency (half the sample frequency). Both structures are recorded simultaneously with the camera. Subsequently, the video frames are cropped to the pixel area of interest to analyze the absolute displacement of both structures separately. The displacement Δx of the moving structure relative to the reference is simply obtained by subtraction.
The algorithm works as enumerated in the following sentences.
1) The pixel area of interest (M columns ×N rows) is selected.
2) For each image frame j, a discrete intensity profile f j (m) is then calculated by averaging the gray value g j (m, n) of each pixel column:
The intensity profile of the first frame f 0 (m) serves as a reference for the calculations.
3) The displacement along the x-axis is calculated for each frame by phase correlation [3] , [6] , [7] .
A subpixel resolution can be explained through the generalized discrete Fourier transform (DFT). From the shift theorem, we find the DFT of the shifted function
where ω k = 2πk/M and k = 0, 1, . . . , M − 1. Equation (1) can be generalized to any real shift d + α
where α ∈ R : −1 < α < 1. Reciprocally, a discrete profile f 0 (m) can be shifted by Δx by changing the phase ϕ k of its DFT, resulting in appropriate gray values at each of the sample points f j (m). We define Δu as the width of a pixel (intersample distance along the x-axis) and write Δx = Δu(d + α). Assuming that F d+α (k) = F{f j (m)}, we deduce from (2)
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In MATLAB, these calculations are performed straightforwardly with the functions "fft()" and "angle()" that calculate the DFT and the phase angle, respectively. In addition, since we only focus on the phase shift of the periodic patterns, we can increase the computation efficiency by limiting the DFT calculations to the corresponding spatial frequency index using the second-order Goertzel algorithm implemented with the function "goertzel()." Even though we are dealing with sequences of 2-D (M × N ) images, we have been working only with 1-D (M × 1) DFT functions. This is because the Fourier transform is linear. Thus, the phase calculated from F{f j (m)} is identical to the average of the phases calculated for the N Fourier transforms
To validate our algorithm, we have tested it with various MEMS devices in which we have etched periodic microstructures. A few examples of such devices are shown in Fig. 1(b) -(d) and are described elsewhere in details [10] , [11] . All the measurements presented hereinafter were performed on devices similar to the silicon microtweezers described in [12] . The main configuration parameters of the experimental setup used to collect these data are summarized in Table I. In Fig. 2 , we show the typical results obtained with an electrostatic comb drive that was actuated sequentially with very low voltages to achieve nanometer-scale displacements. We clearly see the benefit of using a reference probe to decrease the standard deviation σ by a factor greater than three and to reach a subnanometer resolution of 4σ ≈ 0.5 nm. Bearing in mind that the fundamental limitations on the image registration and resolution are different, it is noteworthy that the achieved displacement resolution is far beyond the diffraction limit of optical imaging systems (the latter being on the order of the wavelength of visible light, typically 400-700 nm) [3] . With Δu ≈ 75 nm, this performance corresponds to a subpixel resolution better than 1/100 pixel. In Fig. 3 , we have recorded the output signal of a differential capacitive sensor monitored using a lock-in amplifier system [12] and compared these results with our DFT phase correlation method. The displacement was induced by a comb drive using a sequence of incremental constant voltage steps. The output signal of the sensor
is dependent on the dimensions of the etched microstructures (gap width) while the measurements obtained with the DFT method are insensitive to the process variations. Hence, this result shows a direct application of our method for the straightforward calibration of the capacitive sensor.
In addition to these measurements, we have verified the robustness of the algorithm. We found that the systematic error due to the angular misalignment (±2
• ) was smaller than 1‰. Finally, we measured the influence of the number of pixels (M × N ) on the standard deviation σ. To summarize, the main reasons for the unprecedented subnanometer resolution are as follows: 1) the exploitation of multiple periodic microstructures in combination with a Fourier phase-shift algorithm; 2) the presence of an in situ measurement reference to eliminate the errors induced by parasitic motion; 3) the use of a high-end optical microscope and a CCD camera with a large number of pixels; 4) the use of an antivibration table to reduce the mechanical noise; and 5) a homogeneous illumination and a good optical contrast between the periodic patterns and the background. The proposed method is extremely robust and can be implemented in a straightforward way for any micromechanical device. It is to be mentioned that its use is extensible to in-plane Cartesian displacements (simultaneous displacements along the x and y-axes, without rotation). Accurate measurements are not dependent on the MEMS micromachining but instead on the well-defined periodicity of the repeating patterns. Last but not least, the accuracy is not compromised by the observation variables, for example, the use of an ill-calibrated microscope, because the welldefined period of the repeating patterns in the mask design serves as the absolute reference unit for the DFT algorithm.
